1. Kidney-cortex slices incubated with pyruvate formed glucose and lactate in relatively large and approximately equimolar quantities. The formation of these products involves two exclusively cytoplasmic NADH2-requiring reductions, catalysed by lactate dehydrogenase and triose phosphate dehydrogenase. From the rates of glucose and lactate formation it can be calculated that over 1000,umoles of NADH2 must have been produced in the cytoplasm/g. dry wt. of tissue/hr. 2. When lactate is a gluconeogenic precursor the required NADH2 is generated in the cytoplasm, but, when a substrate more highly oxidized than glucose, such as pyruvate, is the precursor, there is no direct cytoplasmic source of NADH2. Quantitative data on the fate of pyruvate are in accord with the conclusion that the NADH2 was primarily formed intramitochondrially by the dehydrogenases of cell respiration, with pyruvate as the major substrate. 3. Similar observations and conclusions apply to experiments with mouse-liver slices incubated with pyruvate, serine or aspartate. 4. Addition of ethanol, which increases the formation of NADH2 in the cytoplasm, increased the formation from pyruvate of lactate but not of glucose. 5. In view of the low permeability of mitochondria for NAD and NADH2 it must be postulated that special carrier mechanisms transfer the reducing equivalents of intramitochondrially generated NADH2 to the cytoplasm. Reasons are given in support of the assumption that the malate-oxaloacetate system acts as the carrier. 6. Various aspects of the generation of reducing power and its transfer from mitochondria to cytoplasm are discussed.
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Gluconeogenesis from all amino acids, lactate, pyruvate and several other precursors involves a reductive step, namely the formation of glyceraldehyde phosphate from diphosphoglycerate, a reaction that occurs exclusively in the cytoplasm. This raises the question of the origin of the required reducing agent, NADH2. When lactate is the gluconeogenic precursor, an obvious source of NADH2 is the reaction lactate -* pyruvate, which occurs in the cytoplasm in exact stoicheiometry with the reaction diphosphoglycerate -* glyceraldehyde phosphate.
However, the origin of the NADH2 is not obvious when added pyruvate acts as gluconeogenic precursor, because its conversion into glucose does not involve a cytoplasmic NAD-linked dehydrogenation. Evidence presented in this paper indicates that in this situation NADH2 is primarily formed by the intramitochondrial dehydrogenases of the tricarboxylic acid cycle and connected reactions. Since the internal mitochondrial membrane is virtually impermeable to NADH2, the transfer of NADH2 to the cytoplasm requires a special carrier mechanism: NADH2 reduces intramitochondrial oxaloacetate to malate, which diffuses into the cytoplasm and through the cytoplasmic malate dehydrogenase generates extramitochondrial NADH2. This mechanism of generating NADH2 in the cytoplasm must also operate for other precursors that are more highly oxidized than glucose, such as serine and glycerate.
EXPERIMENTAL
Methods. Slices of rat kidney cortex and mouse liver were incubated as described by Krebs, Bennett, de Gasquet, Gascoyne & Yoshida (1963a) and Krebs, Notton & Hems (1966) . The phosphate-buffered saline of Krebs, Hems & Gascoyne (1963b) was used, with NaOH in the centre well of the manometer cups and 02 in the gas space so that the 02 consumption could be measured accurately. The methods used for the determination of metabolites were the same as in previous investigations in this Laboratory (Krebs, Dierks & Gascoyne, 1964; Gevers & Krebs, 1966; Hems, Ross, Berry & Krebs, 1966) .
RESULTS
were glucose and lactate, which appeared in approximately equal molecular quantities. Small Product8 of pyruvate metaboli8m in rat kidney amounts of malate, fumarate, glutamate, glutacortex. When pyruvate was added aerobically to mine, a-glycerophosphate and ketone bodies were slices of rat kidney cortex almost 1 mol. of pyruvate also formed. was removed/mol. of oxygen taken up (Table 1) .
The reducing equivalents required for the formaThe main products, apart from carbon dioxide, tion of glucose and lactate from pyruvate (2mol. The general experimental conditions were as described in Table 1 . To deplete the liver of glycogen, the mouse was treated with phlorrhizin (see Krebs et al. 1966) and left without food for 3hr. Slices were cut dry and not washed. Analyses were carried out on slices plus medium. (Table 6 ), but the formation of glucose was not affected. Thus the additional NADH2 reacted preferentially to reduce pyruvate rather than diphosphoglycerate.
Analogous observations were made in experiments on pigeon-liver homogenates (Table 7) in which ethanol together with crystalline liver The general experimental conditions were as described in Table 1 The conditions of incubation and the treatment of the mouse were as described in Table 3 Table 7 . Effect of ethanol and alcohol dehydrogena8e on the fate of pyruvate in pigeon-liver homogenate The homogenate was prepared as described by Krebs et al. (1964) from the liver of a starved (48hr.) pigeon. The final concentrations of added L-lactate and pyruvate were 40mM, of added NAD 0 5mM, of ethanol 20mM and of crystalline liver alcohol dehydrogenase (Dalziel, 1961) Table 1 ) are very high: they are of the same order as the basal oxygen uptake of kidney (1060,umoles/g. dry wt./hr.) and about 50% of the oxygen uptake in the presence of pyruvate. This means that in the presence of pyruvate about onequarter of the total NADH2 formed serves as a reducing agent and two-thirds as substrate of oxidative phosphorylation.
Since the permeability of mitochondria to the nicotinamide-adenine dinucleotides is very low (Lehninger, 1951; Kaufman & Kaplan, 1960; Purvis & Lowenstein, 1961) , special mechanisms must be postulated for the supply of extramitochondrial NADH2 in gluconeogenesis from substrates other than lactate, this being the only gluconeogenic precursor that forms NADH2 in the cytoplasm in the required stoicheiometric proportions. Precursors more highly oxidized than lactate, such as pyruvate, glycerate, serine and oxaloacetate, generate no NADH2 during their conversion into carbohydrate. Other precursors, such as glutamate, aspartate, alanine, proline and ornithine, generate NADH2, but solely in the mitochondria, since all the dehydrogenases involved in the conversion of these precursors into oxaloacetate are located intramitochondrially. This holds also for glutamate dehydrogenase, which is indirectly concerned with the degradation of many amino acids from which it arises by transamination.
There is an abundant supply of intramitochondrial NADH2 in all respiring cells, formed by the dehydrogenases of the tricarboxylic acid cycle and the related reactions. But special carrier mechanisms must operate, transferring NADH2 to the cytoplasm. How rapidly these mechanisms must operate is illustrated by the following calculations. The total NADH2 content of rat kidney is less than 1.5 ,moles/g. dry wt. (Glock & McLean, 1955) . Since 1072 ,tmoles of NADH2/g. dry wt./hr.
were used (Table 1) , an amount equal to the total NADH2 content of the liver was supplied, and must have traversed the mitochondrial membrane, every 5sec.
Hydrogen carrier8 from mitochondria to cytopla8m. The postulated carrier systems must meet three requirements. They must readily accept hydrogen atoms from mitochondrial NADH2. They must readily traverse the mitochondrial membrane. They must readily donate hydrogen atoms to extramitochondrial NAD. Thus they must be substances for which there are highly active NADlinked dehydrogenases in both the intra-and extra-mitochondrial space. The only substrate couple that meets these three requirements in liver cells is the malate-oxaloacetate system. The isocitrate-oxalosuccinate system can be ruled out on account of the instability of oxalosuccinate and the virtual absence of an active NADlinked isocitrate dehydrogenase in the cytoplasm. The conclusion is therefore inescapable that the malate-oxaloacetate system is the carrier converting intramitochondrial NADH2 into extramitochondrial NADH2. This conclusion is supported by entirely independent evidence obtained by Hoberman & D'Adamo (1960) , who followed the fate of deuterium of 2-2'-deuterofumarate in starved rats. As expected, the deuterium appeared mainly in position 4 of glucose, with smaller quantities in position 6.
Physiological signiftcance of the dicarboxylic acid 8huttle. Evidence that malate is formed during gluconeogenesis from lactate and pyruvate was provided by the 14C-labelling data of Topper & Hastings (1949) and of Lorber, Lifson, Wood, Sakami & Shreeve (1950) . Their experiments with 14CO2 and lactate labelled in position 2 or 3 indicated that at least 85% of C-2 and C-3 of lactate is randomized during the conversion into glucose, which indicates that it passes through the stage of fumarate. What had not been clear was the significance of this 'shuttle'. Earlier workers had assumed that it is an unavoidable side reaction of oxaloacetate due to the high activity of malate dehydrogenase. Later it was thought that 'malic' enzyme [malate dehydrogenase (decarboxylating) (NADP)] was the major catalyst in the formation of dicarboxylic acids from pyruvate (see Krebs, 1954) , but this view had to be abandoned when evidence becameavailableindicatingthatunderphysiological conditions 'malic' enzyme mainly reacts in the direction malate pyruvate (Utter, Keech & Scrutton, 1964) and that its activityis relatively low under conditions of gluconeogenesis (Fitch & Chaikoff, 1960) , and when it became clear that the formation of oxaloacetate is brought about by pyruvate carboxylase (Utter & Keech, 1960 , 1963 . The concept discussed in the present paper offers a satisfactory explanation for the fact that malate is formed during the gluconeogenesis from lactate: it is not formed by a useless 'shuttle' reaction but is an essential link in the transfer of hydrogen atoms to the glyceraldehyde phosphate-dehydrogenase system. Source of reducing power for the formation of f-hydroxybutyrate from acetoacetate. fi-Hydroxybutyrate dehydrogenase, being an intramito-chondrial enzyme, requires intramitochondrial NADH2 for the reduction of acetoacetate. The mechanism by which this NADH2 is generated must be the same as in gluconeogenesis, i.e. by the intramitochondrial dehydrogenases of cell respiration, except that no transfer to the cytoplasm is required (Kulka, 1960; Kulka, Krebs & Eggleston, 1961; Krebs, Eggleston & D'Alessandro, 1961) .
Role of energy-linked reduction of NAD in the generation of reducing power. It may be asked whether the energy-linked reduction of NAD, a well-established mitochondrial reaction, is of importance in the supply of NADH2 for reductive syntheses. The following considerations show that the answer is essentially in the negative.
The energy-linked reduction of NAD involves a reversal of oxidative phosphorylation at the coupling stage between NADH2 and flavoprotein, which may be formulated thus:
where FP represents an electron carrier, e.g. flavoprotein, and P an 'energy-rich' intermediate (or ATP). It may be left open whether FP and FPH2 are in fact flavoproteins or electron carriers of a similar redox potential, such as ubiquinones. Reaction (1) implies that the energylinked reduction of NAD, i.e. reaction (1) from right to left, depends on the stoicheiometric supply of P and FPH2. Since P is plentiful in mitochondria the amount of FPH2 is the major factor limiting the scope ofthe process. NADH2, normally the most rapid supplier of FPH2, cannot be a source, if reaction (1) proceeds from right to left. There remain as possible sources of FPH2 the flavoprotein-linked dehydrogenases of succinate, fatty acyl-CoA esters, a-glycerophosphate, proline and choline. Of these substrates succinate is experimentally by far the most effective one because of the high activity of succinate dehydrogenase, and most of the experimental work demonstrating an energy-linked reduction has in fact been carried out in the presence of succinate (see Ernster & Lee, 1964 The situation is entirely different in certain autotrophic micro-organisms, which can obtain all their energy from substrates the redox potentials of which are much more positive than those of the NAD couple, e.g. Ferrobacillus (Blaylock & Nason, 1963) or Nitrosomona8 (Aleem, 1966) . These organisms have an unlimited supply of substrates for oxidative phosphorylation at coupling sites between flavoproteins and oxygen. They can therefore generate bulk quantities of FPH2 and P. The organisms readily reduce NAD and it appears that an energy-linked reduction is the only mechanism available to them.
Even though the reversal of oxidative phosphorylation in animal tissues may not be an effective mechanism for generating NADH2, it may nevertheless be useful to the economy of the cell by making possible a 100% utilization of energy.
Role of tran8amination in the transfer of oxaloacetate from mitochondria to cytopkirm. Lardy et al. (1965) and Haynes (1965) Chappell & Haarhoff, 1966) .
